Human immunodeficiency virus type 1 (HIV-1) infection is highly specific for its human host. To study HIV-1 infection of the human nervous system, we have established a small animal model in which second-trimester (11 to 17.5 weeks) human fetal brain or neural retina is transplanted to the anterior chamber of the eye of immunosuppressed adult rats. The human xenografts vascularized, formed a bloodbrain barrier, and differentiated, forming neurons and glia.
In children and adults with human immunodeficiency virus type 1 (HIV-1) infection, clinical neurologic dysfunction is a frequent and prominent manifestation (1, 2) . Vertical transmission and HIV-1 isolation from fetal brain are well documented (3, 4) ; however, details regarding the timing, cellular location, and nature of HIV-1 infection in the developing central nervous system (CNS) remain unknown.
Early neuropathologic studies in children with AIDS revealed that neuroinvasion occurred frequently, but a discrepancy was observed between the number of productively infected macrophages and multinucleated giant cells, and the severity of tissue damage (5) . These observations suggested that indirect mechanisms, including the release of cytokines, may be mediators of tissue damage (6, 7) . Several in vitro studies demonstrated that factors secreted by HIV-1-infected macrophages are toxic to neurons (8, 9) , and the soluble HIV-1 glycoprotein gpl20 may itself cause neuronal death (10) . Moreover, interactions between HIV-1-infected macrophages and glial cells result in the production of neurotoxic factors (ref. 11 and H.E.G., unpublished data). Such factors of host or viral origin, produced systemically or locally in the CNS, could have profound effects on the developing nervous system.
Major biological features common to the lentiviral subfamily of retroviruses include neurotropism and host specificity (12) . This necessitates a human tissue target for study of HIV-1 infection. Moreover, the replication activity of lentiviruses in vitro is a poor predictor of pathogenic potential in vivo (12) . The importance of specific virus-cell interactions is emphasized by the varying replication efficiency of lentiviruses in different cell types or at different stages of cellular activation or maturation (13) .
The best animal model to date for human AIDS and lentiviral encephalitis is experimental infection of rhesus macaques (Macaca mulatta) with the simian immunodeficiency virus (SIV) (14) . SIV produces immunodeficiency and neuropathological changes in juvenile macaques virtually indistinguishable from the findings ofHIV-1 brain infection in children (15) . This model, however, has not proved useful in studies of maternal-fetal transmission (16) . Studies of HIV-1 infection of chimpanzees have been restricted by the lack of overt disease and by the expense and protected status of these animals (17) . The SCID-hu mouse (18) is an excellent model system for study of HIV-1 infection of the human immune system. However, despite numerous attempts to infect rabbits and rodent species with HIV-1, no satisfactory small animal model exists to study HIV-1 pathogenesis in the nervous system (19, 20 
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was determined by using heel-to-toe measurement and standardized charts. The retina and brain regions of interest from fetuses of gestational age 11-17.5 weeks were submerged in fresh human plasma at 40C, dissected under a microscope, and minced into small (<0.5 mm3) fragments. The brain region used routinely was telencephalon, including both the ventricular and cortical surfaces, thus ensuring the presence in the donor tissue of both neuronal and glial elements. Excess donor fetal tissue was stored at -700C and screened for HIV-1 infection by using polymerase chain reaction (PCR).
Surgical procedure and periodic examination. Tissue fragments prepared in human plasma at 40C as above, untreated or mixed with concentrated HIV-1, or HIV-1-infected or uninfected monocytes, were backloaded into a 50-j1u Hamilton syringe. The rats were anesthetized with ketamine (60 mg/kg), pentobarbital (20 mg/kg), and topical xylocaine (1%). Ten microliters of tissue suspension was injected via a 27-gauge butterfly needle into the anterior chamber, under direct observation using a dissecting microscope. The growth of the transplant and the status of the eye's anterior segment were easily monitored through the transparent cornea by direct opthalmoscopy or with a stereo microscope. Control animals that received only neural tissue xenografts and sentinel animals with no graft were included in each experiment.
Preparation of HIV-1 Inoculum. Low-speed supernatants from tissue culture-grown HIV-1 (patient samples or standard reference strains) were filtered (0.2-,um pore diameter) and treated with RQ1 RNase-free DNase (Promega) at 2 ,ug/ml for 20-30 min at room temperature in the presence of 0.01 M MgCl2 to eliminate carryover HIV-1 proviral DNA. Supernatants were placed in 4.0-ml ultracentrifuge tubes, underlayered with a cushion of 0.5 ml of 40%o glycerol in 50 mM Hepes at pH 7.8, and centrifuged for 1 hr at 40,000 rpm at 15°C in a Beckman SW60 rotor. The supernatant plus 0.2 ml of the glycerol solution was removed, and the pelleted virus was resuspended in the remaining 0.3 ml by gentle pipetting.
Isolation, Culture, and HIV-1 Infection of Human Monocytes. Monocytes cultured for 7 days in Teflon bottles at a density of 1 x 106 cells per ml were exposed at a multiplicity of infection of 0.01 infectious virus per target cell to monocyte-tropic HIV-1 strain ADA as previously described (21) (22) (23) . Twenty percent of these monocytes were found to be HIV-1ADA-infected by in situ hybridization in control experiments (not shown). All viral stocks were tested and found free of mycoplasma contamination (22, 23) (24, 25) . These were synthesized by using SP6 RNA polymerase and tritium-labeled UTP and CTP to a specific activity of 1.13 x 108 dpm/,ug. In situ hybridization was performed as previously described (25, 26) . PCR. DNA was extracted from tissue fragments (10-20 mg) by the method of Boom et al. (27) . To identify HIV-1 in xenografts, we used nested pol (JA17, JA18, JA19, JA20), and env (JA9, JA10, JA11, JA12) primer sets that recognize diverse HIV-1 field isolates (28) . We have previously described the use of efficient primers and conditions for PCR amplification and cloning of the V3 region of HIV-1 (29) . We also used a nested primer set for the HIV-1 nef gene (outer set, starting at nucleotide 8796, 5'-TTCGCCACATACCTA-GAAGAATAAGA-3' and, starting at nucleotide 9532, 5'-CCGCCCAGGCCACGCCTCCCT-3'; inner set, starting at nucleotide 8840, 5'-TTGCTATAAGATGGGTGGCAA- and, starting at nucleotide 9498, 5'-CGGAAAGTC-CCTTGTAGCAAGCTC-3'; positions are relative to the HXB2 clone of HIV). To distinguish rat from human fetal DNA, we designed a set of nested primers based on the sequences of the human and rat D1 dopamine receptor genes recently published by Zhou et al. (30) . These were D1 human outer 5'-GTGTTTGTGTGGTTTGGGTGG-3', inner 5'-AT-AACAATGGGGCCGCGATGT-3', and reverse 5'-CAGGT-TGGGTGCTGACCGTTT-3'; and D1 rat outer 5'-TGGTT-TGGGTGGGCGAATTCT-3', inner 5'-CATTAACAACA-ATGGGGCTGT-3', and reverse 5'-ATGCTGTCCACT-GTGTGTGACA-3'. In addition, we used the f3-globin primer set (GH20/GH21 outer, PC03/PCO4 inner) of Saiki et al. (31) to test the efficiency of extraction; this set identified both human and rat DNA. Results were scored as positive only if specific bands were observed with at least two primer sets for HIV-1 and one for host DNA.
RESULTS
Description of Anterior Chamber Human Neural Xenografts. The overall success rate in establishing viable xenografts in rat eyes was 85%. Preliminary experiments established optimal conditions for the xenograft procedure using second-trimester human fetal neural tissue; neuronal, glial, and microglial cells were identified within these grafts (32).
Biomicroscopical observations of intact brain and retinal grafts in the anterior chamber showed that these grafts became vascularized and grew into spherical or oblong masses with well-defined limits and a characteristic opalescent glow on their smooth surface (Fig. 1) . Light microscopical observations on recovered xenograft tissue demonstrated that neuronal cells maintained normal cellular morphology and differentiation within these grafts. Ultrastructural analysis of neural graft tissues revealed well-defined axonal growth cones (not shown) and synaptic endings with synaptic vesicles (Fig. 2); this confirmed that neuronal differentiation could occur within these grafts. In addition, ultrastructural studies demonstrated that these vascularized xenografts excluded the protein marker horseradish peroxidase, indicating that they developed an intact blood-brain (blood-graft) barrier (32) . Histologic examination of xenografts from group I animals (infected with cell-free HIV-1 by systemic inoculation) and group II animals (infected with cell-free HIV-1 inoculated in oculo) did not reveal any histologic differences compared with the appearance of grafts from control animals with neural tissue not exposed to HIV-1. In group III, grafts were compared between animals receiving only fetal brain tissue and animals receiving brain plus uninfected human monocytes, or brain plus HIV-1ADA-infected monocytes, at 7 and 14 days after inoculation. Grafts composed of neural tissue only, or neural tissue and uninfected monocytes, at both time points, exhibited normal-appearing neuronal and glial precursors with distinct nuclei and occasional mitotic forms ( Fig.  3 A and B) . In sharp contrast, the xenografts containing HIV-1ADA-infected monocytes showed significant degeneration at both time points (Fig. 3 C and D) . In these grafts, the HIV-1-infected cells had the appearance of activated macrophages with vacuolated cytoplasm. Neuroblasts in close proximity to the infected macrophages were small and dark, with poorly defined nuclei indicating cell death (Fig. 3D) . Notably absent were lymphocytes and other inflammatory cells in and around the graft, as is usually seen with transplant rejection. Thus, HIV-1-infected macrophages were specifically associated with tissue pathology.
HIV-1 Gene Sequences in Xenograft and Rat Tissues. DNA prepared from the xenografts and from selected rat and human tissues was analyzed by PCR using primers specific for HIV-1 and host gene sequences. Grafts from one eye of each ofthe 24 rats from groups I and II were subjected to PCR analysis individually and compared with other tissues from the same rat as well as with positive and no-DNA controls (Fig. 4) .
A series of similar experiments (not shown) demonstrated that in 3 of 16 animals in groups IA-IE, inoculated after engraftment with concentrated cell-free HIV-1 by multiple routes, HIV-1-specific bands were observed in recovered xenograft tissue. None of the animals from groups IA or IB had infected grafts, while one graft each from groups IC, ID, and IE gave HIV-1-specific bands. Two of the three infected grafts contained fetal brain tissue, and one had retinal tissue. In group II animals, in which concentrated HIV-1 was engrafted simultaneously with the neural tissue in the anterior chamber, five of eight xenografts examined by PCR were positive for HIV-1 sequences. Three of these HIV-1-infected grafts were fetal brain tissue and two were fetal retinal tissue. As care was taken to eliminate HIV-1 proviral DNA from the Proc. Natl. Acad. Sci. USA 89 (1992) inocula, the finding of HIV-1 DNA in these experiments is proof of viral replication in xenograft tissue. In Situ Hybridization. Animals in group III (engrafted with HIV-1ADA-infected monocytes) could not be assessed by PCR due to the presence of HIV-1 proviral DNA in the monocytes. We therefore studied xenografts from these animals by using in situ hybridization. Two grafts from group III and two grafts from group II (inoculated with cell-free HIV-1) that were HIV-1 positive by PCR were selected for in situ hybridization, and serial 5-pim paraffin sections were prepared. Grafts with neural tissue only and grafts with neural tissue plus uninfected monocytes served as controls. Each graft from HIV-1-inoculated animals contained a small number ofmacrophages that hybridized to the HIV-1-specific riboprobe. Fig. 5 demonstrates the presence of a strong cytoplasmic hybridization signal over macrophages within the graft. Hybridization occurred with the HIV-1 antisense probe, but not with the sense probe, indicating the presence of HIV-1 RNAs. (HIV-1 DNA would not be expected to hybridize under these nondenaturing conditions.) No hybridization signal was observed in the grafts containing only neural tissue or neural tissue plus uninfected monocytes. In Fig. 5 D and E the signal was localized over a multinucleated giant cell, similar in appearance to syncytial cells characteristic of HIV-1 encephalitis (2, 5, 33) .
DISCUSSION
Our studies indicate that second-trimester human fetal brain or retinal tissue can be established as xenografts in the anterior chamber of the rat eye and can be productively infected with cell-free or monocyte-associated HIV-1. Further, these xenografts vascularize, differentiate, and reconstitute a blood-brain (blood-graft) barrier that excludes blood-borne proteins such as the marker horseradish peroxidase (32) . The anterior chamber of the rabbit eye has been used as an immune-privileged transplantation site since the last century, preceding the development of cell cultures (34) . Clearly, this model still offers some advantages over in vitro systems due to the ability to study functionally intact neural tissue (32, 35) .
Macrophages and multinucleated (syncytial) giant cells (MGC) were recognized early as the major cell types har- boring HIV-1 infection in the CNS (5, 33, 36, 37) . Macrophage tropism may be essential for HIV-1 (and SIV) neuroinvasiveness (38, 39 (8, 9, 40) . Similar pathology was not observed in grafts infected with cell-free HIV-1, suggesting that direct cell-to-cell contact of HIV-1-infected macrophages with neural cells or, alternatively, the local release of cytokines or other neurotoxic factors may be required for neuronal damage. More rigorous testing of these hypotheses is possible by employing the model herein described but will require additional studies with larger numbers of animals.
A major limitation ofthe human neural xenograft model for studying pathogenesis is the absence ofthe selective pressure exerted by the human immune system. This may be overcome by placing the xenografts in SCID-hu mice, a modification that should be technically feasible. A second limitation is the relative inefficiency of HIV-1 infection by systemically inoculated cell-free virus (19, 20) , even with human tissue as a target. Infection was established more consistently after placement of concentrated HIV-1 or HIV-1-infected monocytes directly into the neural tissue, thus circumventing the "natural" route of neuroinvasion. Additional studies are needed to test whether HIV-1-infected primary human monocytes can traffic through the rodent vascular system and target previously established human neural xenografts.
Because this model uses HIV-1 and human neural targets, the in vivo relevance of HIV-1 regulatory genes or specific envelope configurations can be evaluated with HIV-1 chimeric constructs transfected into primary human monocytes. This in vivo model avoids the extrapolation necessary with the use of other animal lentiviral models, and it should more closely approximate natural conditions of HIV-1 infection and neurotoxicity in developing nervous tissue, where neurons and glia proliferate and differentiate. Finally, as this model uses relatively inexpensive laboratory rats, it should be useful in the testing ofantiviral therapies that target HIV-1 infection of the nervous system. 
